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Seeds of structureSeeds of structureSeeds of structure

time
time

or
ig

in
 o

f s
m

al
l i

ni
tia

l p
er

tu
rb

at
io

ns



Rocky III: InflationRocky Rocky IIIIII: Inflation: Inflation
• Motivation for “acausal” perturbations
• Inflation in the cosmic symphony
• The alarming phenomenon of particle creation
• Inflation phenomenology



• At recombination, baryon−photon fluid undergoes
“acoustic oscillations” 

• Compressions and rarefactions change 
• Peaks in       correspond to extrema of 

compressions and rarefactions

cos sinA kt B kt+

• What are coefficients A & B ?
• A nonzero        perturbations   
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Angular power spectrumAngular power spectrumAngular power spectrum

isocurvature pert’s (no “A”)

adiabatic “A” (acausal)



Input from the early universeInput from the early universeInput from the early universe

1. Spectrum of perturbations (power spectrum)

CMB correlations on scales greater than
Hubble radius (RH~ct) INFLATION

2. Matter content
baryons, dark matter (cold, warm, hot),
vacuum energy, ……
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Cosmic Symphony (Harmonice Mundi)Cosmic Symphony (Harmonice Mundi)Cosmic Symphony (Harmonice Mundi)
expansion 
tempo

pizzicato        string dominated 10-43 sec.? ???

CBR fluctuations,
presto                   inflation 10-35 sec.? gravitational waves,

seeds of structure

allegro          radiation dominated earlier than    abundance of the 
10,000 yrs.     light elements

andante         matter dominated later than      distant quasars 
10,000 yrs.    and galaxies  

largo inflation               day before acceleration of
yesterday      the universe

movement epoch relic

0H a∝

2H a−∝

3/ 2H a−∝

0H a∝



Inflation, as a whole, can
be divided into three parts
Inflation, as a whole, canInflation, as a whole, can

be divided into three partsbe divided into three parts
1. Beginning

2. Middle

3. End

eternal inflation, wave function of the universe,
did the universe have a beginning ????

density perturbations, gravitational waves,
(particle production in the expanding universe)

defrosting, heating, preheating, reheating, 
baryogenesis, phase transitions, dark matter,
(particle production in the expanding universe)



Classical equations of motion
0)( ≠φV 0)( =φV

“inflaton”

)(φV

φ

Potential energy:  energy of infinite-wavelength mode
Particle content:   condensate of infinite-wavelength

particles



An early particle cosmologistAn early particle cosmologistAn early particle cosmologist

In mid-1930s, Schrodinger turned to 
cosmo issues, influenced by Eddington & Lemaitre

..

1938-1939:  Graz           Vatican          Gent, Belgium          Dublin



The proper vibrations of 
the expanding universe
The proper vibrations of The proper vibrations of 
the expanding universethe expanding universe

“… proper vibrations [positive and negative frequency 
modes] cannot be rigorously separated in the expanding 
universe.

…  this is a phenomenon of outstanding importance. 
With particles it would mean production or annihilation of 
matter, merely by expansion,…  Alarmed by these 
prospects, I have examined the matter in more detail.”

Introduction:
Erwin Schrodinger,  Physica 6, 899 (1939)..

Conclusion:
“…  There will be a mutual adulteration of positive and 
negative frequency terms in the course of time, giving rise 
to … the ‘alarming phenomenon’…”



The proper vibrations of 
the expanding universe
The proper vibrations of The proper vibrations of 
the expanding universethe expanding universe

Erwin Schrodinger,  Physica 6, 899 (1939)..
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Creation of a single pair of particles
per Hubble volume
per Hubble time
with “Hubble energy”

Alarming?



An even earlier Graz cosmologistAn even earlier Graz cosmologistAn even earlier Graz cosmologist

“When the storms rage around us, and the state is threatened by 
shipwreck, we can do nothing more noble than to lower the anchor
of our peaceful studies in the ground of eternity.”   - J. Kepler

1600-1630:   Graz       Prague        Linz          Sagan         Ratisbon



“When the storms rage 
around us, and the state 
is threatened by shipwreck, …’’



The
Vacuum

TheThe
VacuumVacuum ofofof

quark

anti particle particle

e+ e-

W+

W-

anti-quark

Quantum UncertaintyQuantum UncertaintyQuantum Uncertainty



Disturbing the vacuumDisturbing the vacuumDisturbing the vacuum
Strong gravitational field         particle production

(Hawking     radiation)

Black
Hole



Particle creation:   finite-wavelength modes
not smoothφ

Tδδρδφ
Quantum fluctuations

)(φV

“inflaton” φ
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patterns of quantum fluctuationspatterns of quantum fluctuations



Bardeen 1980

( )1 2 8R g R G Tµυ µυ µυδ δ π δ − = 

{ }2 2 2( ) i j
ijds a d dx dxτ τ δ= −

Reference spacetime: flat FRW
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The conformal time zone: τThe conformal time zone: The conformal time zone: ττ

( )2 2 2 2( )ds a d dxτ τ= −2 2 2dt a dτ=

2 2 2 2Robertson - Walker metric:  ( )ds dt a t dx= −



Bardeen 1980

( )1 2 8R g R G Tµυ µυ µυδ δ π δ − = 

{ }2 2 2( ) i j
ijds a d dx dxτ τ δ= −

Reference spacetime: flat FRW
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Perturbed spacetime (10 degrees of freedom):
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reference flat spatial
hypersurfaces

1τ

2τ

3τ

actual curved
spatial hypersurfaces

1τ

2τ

3τ



scalar, vector, tensor decompositionscalar, vector, tensor decompositionscalar, vector, tensor decomposition
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Vector Perturbations:Vector Perturbations:Vector Perturbations:
• are not sourced by stress tensor
• decay rapidly in expansion

Tensor Perturbations:Tensor Perturbations:Tensor Perturbations:
• perturbations of transverse, traceless component of the   
metric: gravitational waves

• do not couple to stress tensor

Scalar PerturbationsScalar PerturbationsScalar Perturbations
• couple to stress tensor
• density perturbations!



Gauge FreedomGauge FreedomGauge Freedom
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scalar, vector, tensor decompositionscalar, vector, tensor decompositionscalar, vector, tensor decomposition
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scalar, vector, tensor decompositionscalar, vector, tensor decompositionscalar, vector, tensor decomposition

00 Agδ =

0  
          

i i Bgδ = ∂

         
ij ij i j Eg ψδ δ= − + ∂ ∂

scalar perturbations (4 dof)



scalar, vector, tensor decompositionscalar, vector, tensor decompositionscalar, vector, tensor decomposition

00 Agδ =

         
ij ijgδ δψ= −

scalar perturbations (4 dof)
gauge freedom removes two



scalar, vector, tensor decompositionscalar, vector, tensor decompositionscalar, vector, tensor decomposition

00 Agδ =

         
ij ijgδ δψ= −

scalar perturbations (4 dof)
gauge freedom removes two
no anisotropic piece in stress tensor

A ψ=



Gauge FreedomGauge FreedomGauge Freedom
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on comoving hypersurfaces



Variational Formalism for Quantization:Variational Variational Formalism for Formalism for QuantizationQuantization::

( )
2

24

0

1 ( )216

    ( , ) ( ) ( , )

    ( , ) ( ) ( , )

Pl

FRW

MS d x g R V

g x t g t g x t

x t t x t
µν µν µν

φ φ
π

δ

φ φ δφ

 
= − − + ∂ − 

 
= +

= +

∫

( , )SCALARu g x tµνδφ δ∝ + ∝ℜ
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Variational formalism for quantization:Variational Variational formalism for formalism for quantizationquantization::
Einstein gravity Inflaton field
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Quantum generation of perturbations:Quantum generation of perturbations:Quantum generation of perturbations:
• Wave equation for u

( )
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2
02 2
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φ
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• Initially only homogeneous      mode.
• As evolve, mass is complicated function of time.
• Create nonzero momentum mode.
• Alarming phenomenon!
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Power Spectrumk ku z →ℜ →



δφ

gµνδ

(When a hammer 
is your only tool, 
everything has the
appearance of a nail.)



Slow-roll parametersSlowSlow--roll parametersroll parameters
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Slow-roll parametersSlowSlow--roll parametersroll parameters
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Slow-roll parametersSlowSlow--roll parametersroll parameters
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Solutions are Bessel functions:need boundary conditions
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Slow-roll parametersSlowSlow--roll parametersroll parameters

• Arbitrary potential can be expanded about power-law
• Slow-roll parameters still small, but unequal
• Slow-roll parameters need not be constant, so long as
constant as cross Hubble radius.

[ ]
2

2

21 (2 1)k
Pl k aH

HC C
m H

ε η
=

ℜ ∝ − + +
′

• is time-dependent
• Spectral index will not be unity (departures small)
• Spectral index will be scale-dependent (departures 
even smaller) 

H ′



Some simple questions:Some simple questions:Some simple questions:
1. Was inflation “normal” (i.e., 3-D FRW)?

2. Can dynamics of inflation be described in terms of a 
single scalar field?

3. What was the expansion rate during inflation?

4. What was the general shape of the inflaton potential?

5. What was the more or less exact shape of the inflaton 
potential?

6. Can inflation tell us anything about physics at very 
high energy scales (unification, string, Planck)?



Who is the inflaton?Who is the inflaton?Who is the inflaton?

( )V φ

φ“inflaton”



Top down
(superstring

inspired)

Bottom up
(phenomenology

perspired)

inspired: as if prompted by or emanating 
from a supernatural source.

(Oxford English Dictionary)



Models of inflationModels of inflationModels of inflation
old, new, pre-owned,
chaotic, quixotic, ergodic,
ekpyrotic, autoerotic,
faith-based, free-based,  
brane, braneless, brainless,
supersymmetric, supercilious,
natural, supernatural, au natural,
hybrid, low-bred, white bread,
one-field, two-field, left-field,
eternal, internal, infernal,
self-reproducing, self-promoting, 
dilaton, dilettante, ……. 



Model ClassificationModel ClassificationModel Classification

Type I: single-field, slow-roll models
(or models that can be expressed as such)

Type II: anything else
(branes, pre-big-bang, etc.)

Type Ia: large-field models
Type Ib: small-field models
Type Ic: hybrid models

***

*Used for superstrings, supernovae, superconductors, …
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Quantum generation of perturbations:Quantum generation of perturbations:Quantum generation of perturbations:
• Perturbations model-dependent function of H
and how H changes during inflation.

• Characterize perturbations in terms of:
)()( φφ HV ↔
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• Observer-friendly parameters:

• Consistency relation:

• Inflaton potential         : 
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• Input inflation potential :( )V

Quantum generation of perturbations:Quantum generation of perturbations:Quantum generation of perturbations:
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Kinney, Melchiorri, Riotto
astro-ph/0007375



Dodelson, Kinney, Kolb astro-ph/9702156
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Planck



Harrison-Zel’dovichHarrisonHarrison--Zel’dovichZel’dovich

n = 1.00000
r = 0.00000

Fixed point of ignorance.



astro-ph/9806259
Kinney



Polarization patternPolarization patternPolarization pattern
Stebbins, Kosowsky, Kamionkowski                             Seljak & Zaldarriaga 

E modes B modes
(gravitational waves)



ReconstructionReconstructionReconstruction
Bond, Abney, Copeland, Grivell, Kolb, Liddle, Lindsey, Turner, Sourdeep

parameterized
spectra

, ,r n n′

inflaton
potential

( )V φ

microwave
anisotropies

lC

Copeland, Kolb, Liddle, Lindsey Rev. Mod Phys. 97

Grivell & Liddle astro-ph/9906327



ReconstructionReconstructionReconstruction

( )
( )

( )

scalar

tensor

V
V

V

φ
φ

φ

′
∼

∼

1. tensor spectral index in terms of scalar & tensor
(consistency relation)

2. knowledge of the scale of V requires tensor



Power-law spectrumPowerPower--law spectrumlaw spectrum

( )0( ) exp /
10 reconstructions

PlV V Mφ αφ= −



Power-law spectrumPowerPower--law spectrumlaw spectrum

( )0( ) exp /
10 reconstructions

PlV V Mφ αφ= −



Type I models* predictType I models* predictType I models* predict
1. a (nearly) exact power-law
2. spectrum of gaussian
3. super-Hubble-radius
4. scalar (density) and
5. tensor (gravitational-wave) perturbations
6. related by a consistency relation
7. in their growing mode
8. in a spatially flat universe.

*at least the simplest ones



Inflation conclusionsInflation conclusionsInflation conclusions

The alarming phenomenon of particle creation in the 
early universe can be studied by looking at the sky!



-MACBETH (Banquo)

If you can look into the seeds of time
And say which grain will grow and which will not,
Speak then to me, who neither beg nor fear
Your favours nor your hate.



Rocky III: InflationRocky Rocky IIIIII: Inflation: Inflation
• Motivation for “acausal” perturbations
• Inflation in the cosmic symphony
• The alarming phenomenon of particle creation
• Inflation phenomenology

Rocky IV: InflationRocky Rocky IVIV: Inflation: Inflation
• Issues in the standard picture
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